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Abstract

In addition to its basic role in the metabolism of purine nucleotides, xanthine oxidoreductase
(XOR) is involved in the generation of oxygen-derived free radicals and production and metabolic
fate of nitric oxide (NO). Growth hormone (GH) and Vitamin E (E) have been shown previously
to modify immune response to infection. Our objective was to determine in heifers the effect of
endotoxin challenge (LPS; 3)y/kg BW, i.v. bolus Escherichia coli 055:B5) on xanthine oxidase
(XO) activity in plasma and liver and the modification of this response by daily treatment with
recombinant GH (0.1 mg/kg BW, i.m., for 12 days) or GHE (E: mixed tocopherol, 1000 IU/heifer,

i.m., for 5 days). In experiment 1, 16 heifers (34& 6.1 kg) were assigned to control (C, daily
placebo injections), GH, or GH E treatments and were challenged with two consecutive LPS
injections (LPS1 and LPS2, 48 h apart). After LPS1, plasma XO activity increased 2090% (
0.001) at 3h, reached peak (430%) at 24 h and returned to basal level by 48 h after LPS2. XO
responses (area under the timectivity curve, AUC) were greater after LPS1 than LP$2<

0.001). Total plasma XO responses to LPS (AUC, LRS1PS2) were augmented 55% & 0.05)

over C with GH treatment but diminished to C responses i There was a linear relationship

(r? = 0.605, P < 0.001) between total response in plasma XO activity and plasma nitraiteite
concentration. In experiment 2, 24 heifers (346 kg) were assigned to C or GH treatments and
liver biopsy samples were obtained at 0, 3, 6, and 24 h after a single LPS challenge. Hepatic XO
activities increased 63.3%(< 0.05) 6 h after single LPS challenge and remained elevated at 24 h
(100.1%, P < 0.01) but were not affected by GH treatment. Results indicate that LPS-induced
increases in plasma XO activity could be amplified by previous GH treatment but attenuated by
E administration. The data also suggest that E may be effective in controlling some mediators of
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immune response associated with increased production of NO via the effect on XO activity and its
production of superoxide anion as well as uric acid.
Published by Elsevier Inc.
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1. Introduction

The basic role of xanthine oxidoreductase (XOR) is to catalyze the hydroxylation of
hypoxanthine and xanthine to uric acid (UA) in the latter stages of purine cataljalisim
mammals, XOR occurs in two interconvertible forms, xanthine dehydrogenase (XDH; EC
1.1.1.204) and xanthine oxidase (XO; EC 1.1.3.22). The former solely uses N&Rn
electron acceptor yielding NADPH whereas the latter exclusively usgseling reactive
oxygen species £ and B0, as reaction by-produc{g,3]. XOR is widely distributed
among animal species and tissues with the highest activity in liver and int¢&}in
cytosol, XOR typically exists as XDH but can be reversibly converted to XO by thiol
oxidation or irreversibly converted to XO through proteolytic cleaviddeln extracellular
spaces, including serum, the XO form predomin§iés

In the last decade, much interest has been focused on the possible role of XO in initiating
and modulating the immune and metabolic response to infefijorXanthine oxidase is
involved (a) in the generation of UA, which can serve as a general antioXidja(i) in the
production of oxygen-associated molecular reactants (®l,0,, ONOO™), which can
initiate oxidative cell damage and organ fail{i8¢, and (c) in the generation and metabolic
fate of nitric oxide (NO), an important component and regulator of the immune response
to infection[9] and circulatory and neuronal functioffe)]. Recently, it was shown that
XO is responsible for pHO2-mediated Killing of invading trypanosomes Tnypanosoma
brucei-resistant Cape buffalog3].

Increased XO activity in liver has been reported in mice during viral, bacterial and
protozoal infection or with Ehrlich ascitic carcinofdd ]. Increased expression of XDH/XO
at both the activity and gene levels was observed in vitro after treatment with inflammatory
cytokines[12] and in vivo after LPS administratidi3].

The development of intervention strategies to limit the morbidity and mortality associated
with infection and sepsis is an ongoing challenge to human and veterinary medicine. Key
to targeting a therapy is the identification of critical control points and regulatory effectors
in the associated biochemical pathways at which changes in molecular interactions result in
improved clinical outcome. The use of growth hormone (GH) to manage patient response to
infection has received attention because of the ability of GH to modulate immune function
as well as promote anabolic activity. To this end some clinical researchers had reviewed the
utility of GH in septic situations and concluded that the adjunct is with beneficial fhdtit
However, intriguing in concept, GH use as an adjunct therapy in sepsis is equivocal and
has lately been criticized. Growth hormone treatment during certain stages of the catabolic
conditions of sepsis has been shown to increase mortality and morbidity of critically ill
patientd15]. Also in rats, GH administration potentiated the in vivo biological activities of
LPS[16]. We have previously shown that GH administration augments and Vitamin E (E)
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attenuates NO production after LPS challenge in heffiefk Among its beneficial actions,
E has been indicated as the major antioxidant that prevents the propagation of free radical
damage in biological membrangs3].

To date there are no reports or studies in the literature that address the simultaneous
change in XO activity and NO production as affected by GH treatment prior to the onset of
an oxidative immune stress. The purpose of the present study was to investigate in heifers
the effect of LPS challenge on plasma and liver XO activity and the modification of this
response by daily treatment with recombinant GH and Vitamin E.

2. Materials and methods
2.1. Animals and experimental design

All experiments were performed in accordance with approval of the Animal Care and
Use Committee at the USDA Agricultural Research Service (Beltsville, MD, USA, Proto-
col #01-021). In a preliminary experiment, six crossbred beef heifers{£362kg BW),
were challenged with a single dose of LPS (as described below for experiments 1 and 2)
or saline g = 3 per group) and jugular blood samples were obtained at 0, 1, 2, 3, 4, 6,
8, 24, 48, and 96 h relative to LPS or saline injection. The purpose of this preliminary ex-
periment was to determine the pattern of changes in plasma XO activity after a single LPS
challenge.

In experiment 1, 16 crossbred beef heifers (348 kg BW) were fed individually a
forage-concentrate diet (17.8% CP) to appetite, and synchronized to the diestrus stage
of the estrous cycle with the suggested two-injection protocol for the,P@Ralog di-
naprost tromethamine (Lutaly®gUpjohn Company, Kalamazoo, MI). Heifers were as-
signed to control (C, daily corn oil and saline-bicarbonate injections), recombinant GH
(0.1 mg/kg BW, i.m.; Monsanto Company, St. Louis, MO), or GNitamin E (E, 1000 IU
per day, i.m., mixed tocopherol isomers, Sigma, St. Louis, MO) treatments. Heifers were
treated with GH for 12 days and with E for 5 days before LPS challenge. For stability,
E was maintained at-20°C in an argon-purged atmosphere after initial vial opening.
All heifers were challenged with LPS (3u.@/kg BW, i.v. bolus via indwelling jugular
cathetersE. coli 055:B5) 8 days after the last injection of Lutal§fs¢.PS1) and again 48 h
later (LPS2). For each challenge jugular blood samples were obtained at 0, 1, 2, 3, 4, 6, 8,
24, and 48 h relative to LPS injection. Blood plasma samples were storePl0aC until
assayed.

In experiment 2, 24 heifers (346 6 kg BW) were assigned, in a2 4 factorial design,
to C or GH treatments and four liver biopsy times. Diet, Lutafysgections, and C and
GH treatments were the same as in experiment 1. All heifers were challenged with LPS
(3.0p.g/kg BW, i.v. bolus) and liver biopsy samples were obtained, from respective groups,
at 0, 3, 6, and 24 h after LPS injection using a commercial biopsy instrument (True-Cut;
Baxter, Columbia, MD) as previously describg®]. Biopsy samples were immediately
frozen in liquid nitrogen and stored at80°C until assayed. Jugular blood samples were
obtained at 0, 1, 3, 6, and 24 h relative to LPS injection. Blood plasma samples were stored
at—20°C until assayed.
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2.2. Xanthine oxidase determination

Plasma XO activities were determined in duplicate using AmeRed Xanthine/
Xanthine Oxidase Assay Kit (A-22182, Molecular Probes, Eugene, OR) validated for bovine
plasma. Before the assay, plasma samples were diluted 1:10 (v/v) in 0.1 M Tris—HCI, pH
7.5. For XO assay in liver, biopsy samples were homogenized in ice-cold 0.1 M Tris—HCI
buffer (1:5, w/v) using a Polytron homogenizer (Brinkman Instruments Inc., Westbury,
NY, USA). Homogenizing buffer (pH 7.5) contained 0.1 ml of protease inhibitor cocktail
(Sigma, St. Louis, MO) per 1 ml of buffer. After centrifugation at 100,609 for 30 min,
the supernatant was diluted 1:100 (v/v) with 0.1 M Tris—HCI and directly used in the assay
mixture. Protein concentration in liver homogenates was determined with a bicinchoninic
acid reagent protocol (Pierce Chemical Co., Rockford, IL, USA) and BSA used as a standard.

2.3. Plasma nitrate + nitrite determination

The stable end-products ofthe NO pathway and markers of NO productiomm, NQIO3 ™
(NO,), were measured using Griess reaction after enzymatic conversion of plasgna NO
to NO3™ with nitrate reductase frorspergillus specieg19].

2.4. Uric acid determination

Plasma uric acid (UA) concentrations were determined in duplicate using Aftblex
Red Uric Acid/Uricase Assay Kit (A-22181, Molecular Probes, Eugene, OR) validated for
bovine plasma. Before the assay, plasma samples were diluted 1:4 (v/v) in 0.1 M Tris—HCI,
pH 7.5.

2.5. Satistical analysis

Response to LPS challenge for plasma XO or,M@s calculated as area under the time
concentration curve (AUC) with baseline subtracted (concentration at 0 h). The AUC for
XO and NQ, response was calculated, respectively, over the 96 and 72 h period after LPS1
challenge. Changes in XO plasma activities were analyzed using the MIXED procedure of
SAS[20] with treatment (C, GH, GH E) and time after LPS challenge as fixed effects. Time
after LPS challenge was considered repeated on the same heifer, which was nested within
the treatment. When significant effects were detected<( 0.05), differences between
means were further separated by the ESTIMATE option of SAS. Response data (AUC)
for plasma XO and NQwere analyzed using one-way ANOVA for each LPS challenge.
Changes in plasma and hepatic XO activity and plasma UA concentration in experiment 2
were analyzed using two-way ANOVA. Data are presented as least squaresin®and.

3. Resaults

Administration of LPS to heifers (LPS1) resulted in transient signs of systemic illness
characterized by an increase in rectal temperature for 4 to 8% 410.11°C increment
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Fig. 1. Response pattern in plasma activity of xanthine oxidase (XO) in heifers following single challenge with
saline (C) or endotoxin (LPS;;3g/kg BW, i.v.). Data represent least square meaisE.M. (n = 3).* P < 0.01
between C and LPS at the same time.

from base temperature at O h to peak temperature atP24, 0.001), a short period of
labored breathing, slight coughing that dissipated within 3 h after LPS, mild diarrhea and
lethargy. These signs were not apparent 8 h after LPS. However, no significant differences
in the magnitude of the clinical signs were observed between treatment groups. All clinical
responses, except for rectal temperature increékés + 0.10°C, between 0 and 2h,

P < 0.001), were less pronounced during the second LPS challenge (LPS2), indicating the
development of tolerance to repeated LPS challenges.

Response pattern in plasma activity of XO in heifers following challenge with single bolus
injection of LPS is presented ig. L Compared with the activities observed in control
heifers injected with saline, single LPS challenge increased plasma XO activity after 3h
(P < 0.01). The highest activities~(5-fold increaseP < 0.01) were attained between 8
and 24 h after LPS and returned to baseline by 96 h. The absence of a significant change
in plasma XO activities in control heifers indicated that animal management and multiple
blood collections during experimental period did not affect plasma XO activity. Effects of
GH or GH+ E treatment on plasma XO activities after two consecutive LPS challenges
(LPS1 and LPS2) separated by 48 h are showkign2. Compared to initial values at time
0 h, XO activities increased?(< 0.01) in all experimental groups at 4, 8, 24 and 48 h after
LPS1. The subsequent LPS challenge at 48 h (LPS2) did not cause any additional increase
in plasma XO but maintained higher than 0-h activities at 52, 54P72 (.01 versus 0 h),
and 96 h ¢ < 0.05) after LPS1. Heifers pretreated with GH had higher plasma XO activity
than C animals at 4hR < 0.05), 8 and 24h P < 0.01) after LPS1 and tended to have
higher activity (P < 0.1) at 4 h after LPS2 (i.e. 52 h after LPS1). Plasma XO activities after
two consecutive LPS challenges did not differ between C andiGtheifers.

Plasma XO responses to LPS challenges, measured as area under ttaetivity curve
(AUC) are shown irFig. 3. In all experimental groups, plasma XO responses were lower
after LPS2 than after LPSIP(< 0.001). Compared to C heifers, plasma XO responses to
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Fig. 2. Effect of growth hormone (GH) or GH Vitamin E (GH+ E) treatment on plasma xanthine oxidase (XO)
activity after two endotoxin challenges (LPS1 and LPS2g8g BW, i.v.) separated by 48 h. GH (0.1 mg/kg BW)

and E (1000 IU per heifer) were injected (i.m.) daily for 12 and 5 days, respectively. Control heifers (C) received
placebo treatment (corn oil and saline-bicarbonate daily injections) and were challenged twice with LPS. Data
represent least square meams=<(5 or 6 per group)t P < 0.1,* P < 0.05,** P < 0.01 vs. C at the same time.

LPS1and LPS2were higheP (< 0.05) and more prolonged(< 0.05) in heifers pretreated

with GH and these differences were evident whether AUC was calculated for each challenge
separately or for both challenges combined (LREPS2). In GH+E heifers, total plasma

XO response to both LPS challenges did not differ from that observed in C heifers.
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Fig. 3. Effect of growth hormone (GH) or GH Vitamin E (GH+ E) treatment on plasma xanthine oxidase (XO)
response (area under the timectivity curve, AUC) to two endotoxin challenges (LPS1 and LPS29/&g BW,

i.v.) separated by 48 h. AUC was calculated over 48 h period after each LPS challenge (LPS1 and LPS2) and for
both challenges combined (LPS1LPS2). GH (0.1 mg/kg BW) and E (1000 IU per heifer) were injected (i.m.)
daily for 12 and 5 days, respectively. Control heifers (C) received placebo treatment (corn oil and saline-bicarbonate
daily injections) and were challenged twice with LPS. Data represent least squarem8&ns1. (n = 5 or 6

per group)* P < 0.05 vs. C in respective challenge.
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Fig. 4. Effect of growth hormone (GH) or GH Vitamin E (GH+ E) treatment on plasma nitrite nitrate (NQ)
response (area under the timeoncentration curve, AUC) to two endotoxin challenges (LPS1 and LPS@Kg)

BW, i.v.) separated by 48 h. AUC was calculated over 48 h period after LPS1 and 24 h period after LPS2 and for both
challenges combined (LPSALPS2). GH (0.1 mg/kg BW) and E (1000 IU per heifer) were injected (i.m.) daily

for 12 and 5 days, respectively. Control heifers (C) received placebo treatment (corn oil and saline-bicarbonate
daily injections) and were challenged twice with LPS. Data represent least square-m8&nsl. (n = 5 or 6

per group)* P < 0.05,** P < 0.01 vs. C in respective challenge.

Fig. 4 summarizes the effect of GH or GH E treatment on plasma nitrate nitrite
responses (as AUC) to two consecutive LPS challenges. A preliminary overview of the NO
plasma concentration data were published previously by ElsassefEt]JalCompared to
C group, heifers pretreated with GH had greater plasmafg€ponses to LPSP(< 0.05)
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Fig. 5. Relationship between response in plasma nitraitrite (NO,) concentration and plasma xanthine oxidase
(XO) activity after two consecutive endotoxin challenges (LPS1 and LP$2yi}y BW) separated by 48h.

Response was calculated as combined (LR$PS?2) area under the time concentration curve (AUC) within
72h and 96 h after LPS1 challenge for Nénd XO, respectively.
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Fig. 6. Effect of endotoxin challenge (LPS, bolugs@kg BW, i.v.) on hepatic xanthine oxidase activity (XO)

in control (C) and GH-treated (GH) heifers. GH (0.1 mg/kg BW, i.m.) was injected daily for 12 days. C heifers
received placebo treatment (saline-bicarbonate daily injections). Activities (mU) are expressed per mg of protein
in the 100Kx g supernatant of liver homogenate. Data represent least square #n&BdM. (n = 3). Because

no differences were observed between control (C) and GH-treated heifers, differences vs.tithe ®.05,

** P < 0.01) were calculated for combined data{GGH).

and LPS2 P < 0.05). Also, combined total plasma N@esponse for LPS1 and LPS2 was
greater in GH than C groupP(< 0.01). In GH+ E heifers, total plasma NOresponse

to both LPS challenges did not differ from that observed in C heifers. There was a linear
relationship 2 = 0.6054; P < 0.001) between total response (AUC, LP$1PS2) in
plasma XO activity and plasma N@oncentrationKig. 5).
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Fig. 7. Effect of endotoxin challenge (LPS, bolugs@kg BW, i.v.) on plasma xanthine oxidase activity (XO) and

uric acid (UA) concentration in control (C) and GH-treated (GH) heifers. GH (0.1 mg/kg BW, i.m.) was injected
daily for 12 days. C heifers received placebo treatment (saline-bicarbonate daily injections). Data represent least
square means: (= 3; pooled S.E.M. for XO= 2.92 mU/ml and for UA= 1.62M). Plasma XO and UA were
affected (° < 0.05) by GH treatment: P < 0.01 vs. time O in respective treatment group.
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Changes in hepatic XO activity after single LPS challenge are shoWwigiré. Hepatic
XO activity was increased at 6 h after LPS challenge<{ 0.05) and remained elevated
at the 24 h biopsy periodX < 0.01). GH treatment did not affect the basal hepatic XO
activity (time 0 h) and did not modify the increased XO activity after LPS challenge (time
6 and 24 h).

Fig. 7summarizesthe effect of single LPS challenge (experiment 2) on plasma XO activity
and plasma UA concentration in C and GH-treated heifers. Compared to initial values,
plasma XO activities were increased in both experimental groups at 3 h after LPS challenge
(P < 0.01) and remained elevated at 24t 0.01). However, plasma XO activities were
higher (P < 0.05) in GH than in C heifers at 3 and 6 h after LPS challenge. Plasma UA
concentrations were not affected by LPS challenge in C heifers but increBse®.01),
compared to initial values at 0 h, in GH-treated heifers 6 h after LPS administration. Plasma
UA concentrations were higher in GH than C heifers 6 and 24 h after single LPS challenge
(P < 0.05).

4. Discussion

The data presented here indicate that GH administration increases plasma activity of XO
and plasma NQ@concentrations following a mild challenge with bacterial LPS. The observed
response was modulated downward by pre-treatment of subjects with Vitamin E. While
responses to the second administration of LPS indicated that tolerance was maintained,
the extraordinary length of the XO response following the first LPS challenge indicated a
potential for lasting physiological response long after the initiating acute response was over
and still greater in the GH-treated animals. Plasma UA concentrations were also increased
after LPS challenge in animals treated for 12 days with GH. When calculated as a function
of the area under the activity-by-time response curve, GH treatment increased both the
magnitude of the XO increase as well as the duration of increase. The temporal nature of
the change in plasma XO activity was commensurate with measured increases in plasma
NO,, validated estimates of NO productifd®]. An interesting and possible physiologically
important feature of the XO-UA responses was that the first time point where the increase
in plasma XO activity occurred was 3 h earlier than a time point where UA was found
to be significantly elevated. This period of temporal discordance could provide a window
of opportunity through which increased enzymatic capacities of XO are unchecked by
its end-product feedback modulator, J21]. Furthermore, coordinated increases in NO
production afford the opportunity for NO/superoxide anion interactions that could result in
the production of a myriad of reactive oxynitrogen intermediates as well as perturbations in
NO signal transduction processes throughout the body. The cellular compartmentalization
of reactive oxygen species generation has been aligned with both beneficial function of
neutrophils and macrophages, i.e. respiratory burst activity without tissue dest{@&jon
as well as pathological consequences associated with cytokine-driven superoxide anion
generation in mitochondria and its role in apoptosis and cell deaih

Xanthine oxidase, as a generating source of superoxide anion as welDagbdmprises
a rather unique free radical generator because of its capacity to generate its reactants not
only intracellularly but also extracellularly. The extracellular generation of reactive oxy-
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gen species by XO is temporally commensurate with the significant increases in plasma or
serum XO activity, as well as XO gene transcriptipd] that typically occur with the defined
stresses of parasitisf8], endotoxemi§25], and viral infectior{26]. The importance of XO
released into the circulation is reflected in XO-mediated oxidation and change in function of
serum proteins and lipid&7] and heparin-ligand-mediated rebinding of XO to the extracel-
lular plasma membrane matrix of vascular endothelial ¢28swith accompanying mem-
brane oxidative streg29]. An additional factor contributing to increased morbidity of host
response is an XO-free radical-mediated induction of the complement cascade leading to the
formation of multimeric complement C9 as a critical terminal transmembrane pore complex
of the membrane attack pathwi@p]. Some of the potential adverse effects of increased XO
activity in serum (e.g. circulating lipid oxidation) are moderated in part by the availability
of serum protein thiol groups to scavenge and neutralize & well as HO» [27].

While the capability for XO to generate,O has been known since 19681], the
capacity of this enzyme to participate in the immune response modulation, in contrast
to defined intracellular pathogen Killing, is recently recognized especially in regard to its
crosstalk with NO functiofi3d2,33]and its role in mediating oxidative stress associated with
intestinal and liver ischemia—reperfusion injuries typical of acute endotoxemia vascular
shunting[34]. Many of these effects appear to be linked to the elaboration of cytokines
such as tumor necrosis facterf12] as would follow from some form of bacterial toxin
challenge. While models of proinflammatory stress using various delivery paradigms for
LPS have been criticized as not truly being reflective of the pathophysiological time table
of bacterial infection or sepsis, the use of LPS offers an opportunity to dissect components
of the host response to this bacterial toxin in a very repeatable fashion. In particular, our
use of the dual LPS challenge is rather unique in that few, if any other laboratories, study
the response to LPS with regard to the impact of treatment on the tolerance response to the
second challenge. Furthermore, very recent data suggest that acute, bolus-like LPS releases
into the systemic circulation of septic patients may arise as a result of antibiotic therapy
and its effect on bacterial membrane integrity. In these circumstances, clinical data indicate
that patients experiencing this phenomenon are at greater risk for multiorgan failure and
vascular collapse despite falling counts of pathogenic bad&sija

Although numerous strategies have been proposed to improve the clinical outcome of
systemic Gram-negative sepsis, few have been more studied with equivocal conclusions
than the use of GH as an adjunct therapy meant to preserve nitrogen balance and improve
immune function. According to a given protocol, GH administration has been associated
with both improvemenf14,36,37] for example, as well as destabilization of organ func-
tion [15,38,39]leading to a significant rethinking of the appropriateness of GH therapy in
some instances of illness. Some light on why this difference in opinion exists may reside
in the results of Roelfsema et §0] who suggested that the metabolic outcome of sub-
jects challenged with LPS may be related to the pattern of GH administration. Data from
our laboratory align with this thought where the duration of GH treatment substantively
affected when and to what extent the urea cycle and arginase activity, specifically, were de-
creased by GH treatmefit7]. The effect of GH on arginase activity is regarded as a major
point of impact through which GH might increase NO production because of the com-
petition between the urea cycle and the NO synthase pathways for the common substrate
arginine[41].
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The very nature of the chemical reactivity of XO reaction products as well as NO causes
several possibilities to develop through which processes either protective or destructive to
an animal could develop. For example, increased localized production of NO in association
with GH treatment could be viewed as a means of preserving blood flow and oxygenation
to tissue beds that otherwise may have become ischemic in response to toxic shock. The
increase in @ production as well as UA commensurate with the increase in plasma XO
activity could be viewed as providing a sink for excess NO scavenging further localizing
NO activity, an enhanced production of the natural antioxidant UA, and increased oxidative
reactivity of &~ and HO» needed for pathogen killing. Similarly, the converse of this has
been applied to NO, that role of NO being a scavenger of @d hemoglobin being a
scavenger of N(42]. On the other hand, increased Oproduction coordinately linked
with increased NO production has been related to the formation of the highly reactive anion
peroxynitrite (ONOQO') under proper intracellular red-ox states that rapidly nitrates the
phenolic ring structure of protein tyrosine residues and nitrosylates cysteine thiol groups,
both of which alter regulatory functions of impacted protdi4®].

Few data exist that describe an effect of GH on the regulation of XO. Two early studies
testing whether GH might affect XO activity were associated with observations that liver
XO activity markedly increased in hypophysectomized rats although GH administration
was without effect to lower this increafg#4,45). Even if there had been an effect of GH,
the largely nonphysiological context of the panhypopituitarism induced via transauricular
hypophysectomy with accompanying metabolic perturbations would make assessment of
the results equivocal and problematic. The present paper is the first to describe the effects
of GH treatment to impact the XO activity changes in plasma during immune challenge as
modeled by LPS administration. In this regard we have identified XO as a potential major
contributor to variations in clinical complications observed with the use of GH in subjects
of ill health in its capacity to function outside of the confines of specialty cell populations
such as neutrophils and macrophages.

GH has been found to enhance activities of major immune cell populations important to
counteracting infectious organisms. GH was shown to augment macrophage acfi@ition
and increase & production in cultured neutrophild7]. Clinically, GH administration to
hypopituitary adults was associated with the restoration of the oxidative bursts of neutrophils
[48], suggesting improved capacity for GH-treated subjects to fight invading pathogens. A
recent report, however, suggests that complications in this effect of GH may reside in the
development of microvascular pathologies where activated neutrophils sequester in and
damage lung tissug9] via the production (and presumably leakage) of reactive oxygen
species. Where this specialized enhanced productiopoifQhe face of GH administration
is well recognized, few data exist on hormonal regulation of the other sourcegs™of O
generation, namely, XO. The control of the Ogeneration burst largely has been attributed
to NAD(P)H oxidase even{g9] although the participation of collateral pathways has been
postulated50]. However, the capacity for GH to increase Oproduction in this manner
may not be a consistent finding across a range of cell types. Most recently, Arnold and
Weigent{51] demonstrated that both GH administration to, as well as over expression of GH
by the EL4 T-cell ymphoma cell line resulted in a decreased @eneration unassociated
with either XO or NAD(P)H oxidase but rather through a select component of the P450
complex.
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Bacterial infection, sepsis, and endotoxemia cumulatively disturb normal metabolic pro-
cessesin acoordinated pattern of effects that are temporally orchestrated and cqtidgcted
The temporal connection is largely the process of an immune response cascade involving
induction of proinflammatory cytokines, arachidonic acid mediators, compartmentalized
NO production, and oxygen free radical and reactive nitrogen anion generation. Elucida-
tion of pivotal control points in the biochemical pathways that converge to perturb organ
function is a critical need in the construction of intervention strategies useful to remediate
the extent of metabolic impairment and homeostatic compromise. To this end, a critical role
in the development of LPS-related oxidative stress has been ascribed to XO activity as it
has been identified as a major source of superoxide anion-driven intracellular damage in
these stress situations.

The biological properties of E were exploited in the present study to serve as a probe to es-
tablish whether the observed effects of GH on XO and NO were of a character that would lend
to modulation and pre-emptive intervention. In the present study, short-term administration
of E priorto a combination of GH treatment and LPS challenge attenuated stimulatory effects
of GH on the generation of NO and activity of XO. Historically, E has been associated with
chemical events involving its role as a major endogenous, chain-breaking antioxidant inter-
collated into cell membrané$8]. In this compartment, it effectively decreases lipid peroxi-
dation by scavenging membrane-soluble electrophilic nitrogen ofg@¢and by inhibiting
the propagation step of lipid peroxidatif&8]. More recently, however, newer functions of E
have been identified in the immune response to stress. Among these newly recognized func-
tions are decreased proinflammatory cytokine elaborgidfalterations in the arachidonic
acid cascade, NkB activation, protein kinase C activity, as well as newly defined influences
on endogenous GH and prolactin secrefit8]. Thus, under the present circumstances, the
fact that E blunted the measured responses implies that GH may largely upregulate proin-
flammatory states with a concurrent production of oxidizing and nitrating reactants.

The present study constitutes the first systematic clarification of XO as a critical immune
response control point impacted by GH administration. Ascribing neither a positive nor a
negative health impact of the observed results at this time, we have established that GH treat-
ment prior to immune challenge augments XO activity as well as increases NO production
after LPS challenge. Accordingly, it is how the body further processes the products of XO
activity (027, H202, and UA, for example) and NO generated via the multiple isoforms of
NO synthase that will determine whether tissue structures or the overall health of an animal
is maintained or further perturbed.

References

[1] Parks DA, Granger DN. Xanthine oxidase: biochemistry, distribution and physiology. Acta Physiol Scand
Suppl 1986;548:87-99.

[2] Hille R, Nishito T. Flavoprotein structure and mechanism 4: xanthine oxidase and xanthine dehydrogenase.
FASEB J 1995;9:995-1003.

[3] Wang J, Van Praagh A, Hamilton E, Wang Q, Zou B, Muranjan M, et al. Serum xanthine oxidase: origin,
regulation, and contribution to control of trypanosome parasitemia. Antioxid Redox Signal 2002;4:161-78.

[4] Corte ED, Stirpe F. The regulation of rat liver xanthine oxidase. Involvement of thiol groups in the conversion
of the enzyme activity from dehydrogenase (type D) into oxidase (type O) and purification of the enzyme.
Biochem J 1972;126:739-45.



S Kahl, T.H. Elsasser / Domestic Animal Endocrinology 26 (2004) 315-328 327

[5] Kooij A, Schiller HJ, Schijns M, Van Noorden CJ, Frederiks WM. Conversion of xanthine dehydrogenase into
xanthine oxidase in rat liver and plasma at the onset of reperfusion after ischemia. Hepatology 1994;19:1488—
95.

[6] Harrison R. Structure and function of xanthine oxidoreductase: where we are now? Free Radic Biol Med
2002;33:774-97.

[7] Becker BF. Towards the physiological function of uric acid. Free Radic Biol Med 1993;14:615-31.

[8] McCord JM. Oxygen-derived free radicals in postischemic tissue injury. N Engl J Med 1985;312:159-63.

[9] Godber BL, Doel JJ, Sapkota GP, Blake DR, Stevens CR, Eisenthal R, et al. Reduction of nitrite to nitric
oxide catalyzed by xanthine oxidoreductase. J Biol Chem 2000;275:7757—-63.

[10] Lowenstein CJ, Dinerman JL, Snyder SH. Nitric oxide: a physiologic messenger. Ann Intern Med
1994;120:227-37.

[11] Tubaro E, Lotti B, Cavallo G, Croce C, Borelli G. Liver xanthine oxidase increase in mice in three pathological
models. A possible defense mechanism. Biochem Pharmacol 1980;29:1939-43.

[12] Pfeffer KD, Huecksteadt TP, Hoidal JR. Xanthine dehydrogenase and xanthine oxidase activity and gene
expression in renal epithelial cells. Cytokine and steroid regulation. J Immunol 1994;153:1789-97.

[13] Kurosaki M, Li Calzi M, Scanziani E, Garattini E, Terao M. Tissue- and cell-specific expression of mouse xan-
thine oxidoreductase gene in vivo: regulation by bacterial lipopolysaccharide. Biochem J 1995;306:225-34.

[14] Saito H, Inoue T, Fukatsu K, Ming-Tsan L, Inaba T, Fukushima R, et al. Growth hormone and the immune
response to bacterial infection. Horm Res 1996;45:50-4.

[15] Ruokonenen E, Takala J. Dangers of growth hormone therapy in critically ill patients. Curr Opin Clin Metab
Care 2002;5:199-2009.

[16] Liao W, Rudling M, Angelin B. Growth hormone potentiates the in vivo biological activities of endotoxin in
the rat. Eur J Clin Invest 1996;26:254-8.

[17] Elsasser TH, Kahl S, Rumsey TS, Blum JW. Modulation of growth performance in disease: reactive nitrogen
compounds and their impact on cell proteins. Domest Anim Endocrinol 2000;19:75-84.

[18] Traber MG, Packer L. Vitamin E: beyond antioxidant function. Am J Clin Nutr 1995;62(Suppl):1501S-9S.

[19] Kahl S, Elsasser TH, Blum JW. Nutritional regulation of plasma tumor necrosis facimd plasma and
urinary nitrite/nitrate responses to endotoxin in cattle. Proc Soc Exp Biol Med 1997;215:370-6.

[20] SAS Institute Inc. SAS/STAY Software: Changes and Enhancements through Release 6.11. Cary, NC: SAS
Institute Inc.; 1996.

[21] Tan S, Radi R, Gaudier F, Evens RA, Rivera A, Kirk KA, et al. Physiological levels of uric acid inhibit
xanthine oxidase in human plasma. Pediatr Res 1993;34:303-7.

[22] Dusi S, Della-Bianca V, Donini M, Nadalini KA, Rossi F. Mechanisms of stimulation of the respiratory burst
by TNF in nonadherent neutrophils: its independence of lipidic transmembrane signaling and dependence on
protein tyrosine kinase phosphorylation and cytoskeleton. J Immunol 1996;157:4615-23.

[23] Raha S, Robinson BH. Mitochondria, oxygen free radicals and apoptosis. Am J Med Genet 2001;106:62—-70.

[24] Hassoun PM, Yu F-S, Cote CG, Zulueta JJ, Sawhney R, Skinner KA, etal. Upregulation of xanthine oxidase by
lipopolysaccharide, IL-1 and hypoxia: role in acute lung injury. Am J Resp Crit Care Med 1998;158:299-305.

[25] Brandes RP, Koddenberg G, Gwinner W, Kim D, Kruse HJ, Busse R, et al. Role of increased production
of superoxide anions by NADPH oxidase and xanthine oxidase in prolonged endotoxemia. Hypertension
1999;33:1243-9.

[26] Akaike T, Ando M, Oda T, Doi T, ljiri S, Araki S, et al. Dependence og @eneration by xanthine oxidase
of pathogenesis of influenza virus infection in mice. J Clin Invest 1990;85:739-45.

[27] Radi R, Bush KM, Cosgrove TP, Freeman BA. Reaction of xanthine oxidase-derived oxidants with lipid and
protein of human plasma. Arch Biochem Biophys 1991;286:117-25.

[28] Houston M, Estevez A, Chumley P, Aslan M, Marklund S, Parks DA, et al. Binding of xanthine oxidase to
vascular endothelium. Kinetic characterization and oxidative impairment of nitric oxide-dependent signaling.
J Biol Chem 1999;274:4985-94.

[29] Menesian A, Bulkley GB. The physiology of endothelial xanthine oxidase: from urate catabolism to
reperfusion injury to inflammatory signal transduction. Microcirculation 2002;9:161-75.

[30] Rus HG, Niculescu Fl, Shin ML. Role of the C5b-9 complement complex in cell cycle and apoptosis. Immunol
Rev 2001;180:49-55.

[31] McCord JM, Fridovich |. The reduction of cytochrone by milk xanthine oxidase. J Biol Chem
1968;243:5753-60.



328 S Kahl, T.H. Elsasser / Domestic Animal Endocrinology 26 (2004) 315-328

[32] Lee CI, Liu X, Zweier JL. Regulation of xanthine oxidase by nitric oxide and peroxynitrite. J Biol Chem
2000;275:9369-76.

[33] Ichimori K, Fukahori M, Nakazawa H, Okamoto K, Nishino T. Inhibition of xanthine oxidase and xanthine
dehydrogenase by nitric oxide. J Biol Chem 1999;274:7763-8.

[34] Miyama M, Dihmis WC, Deleuze PH, Uozaki Y, Bambang SL, Pasteau F, et al. The gastrointestinal tract: an
underestimated organ as demonstrated in an experimental LVAD pig model. Ann Thorac Surg 1996;61:817—
22.

[35] Holzheimer RG. Antibiotic induced endotoxin release and clinical sepsis: a review. J Chemother 2001;13
Spec No 1(1):159-72.

[36] Fukushima R, Saito H, Inoue T, Fukatsu K, Inaba T, Han |, et al. Prophylactic treatment with growth hormone
and IGF-1 improve systemic bacterial clearance and survival in a murine model of burn-induced gut-derived
sepsis. Burns 1999;25:425-30.

[37] Huang Y, Wang SR, Yi C, Ying MY, Lin Y, Zhi MH. Effects of recombinant human growth hormone on rat
septic shock with intraabdominal infection By coli. World J Gastroenterol 2002;8:1134-7.

[38] Unneberg K, Balteskard L, Mjaaland M, Sager G, Revhaug A. Growth hormone increases and IGF-1 reduces
the response tascherichia coli infusion in pigs. Eur J Surg 1997;163:779-88.

[39] Liu Z, Yu Y, Jiang Y, Li J. Growth hormone increases circulating neutrophil activation and provokes
microvascular injury in septic peritonitis in rats. J Surg Res 2002;105:195-9.

[40] RoelfsemaV, Thomas GB, Lin H, Breier BH, Maxwell L, Oliver MH, et al. The metabolic effects of endotoxin
are differentially affected by the pattern of GH administration in the rat. J Endocrinol 2001;171:173-81.

[41] Elsasser TH, Klasing KC, Filipov N, Thompson F. The metabolic consequences of stress: targets for stress
and priorities of nutrient use. In: Moberg GP, Mench JA, editors. The biology of animal stress: basic principles
and implications for animal welfare. CABI Publishing; 2000. p. 77-110.

[42] Ortega Mateo A, Aleixandre de Artinano MA. Nitric oxide reactivity and mechanisms involved in its
biological effects. Pharmacol Res 2000;42:421-7.

[43] Ischiropoulos H. Biological selectivity and functional aspects of protein tyrosine nitration. Biochem Biophys
Res Commun 2003;305:776-83.

[44] Liberti JP, Colla JC, Van Pilsum JF, Ungar F. Effect of growth hormone on enzyme activities in the
hypophysectomized rat. Arch Biochem Biophys 1966;113:718-24.

[45] Levin I, O'Neal MA, Reid E. Hormones and liver cytoplasm. 2. Adenosine triphosphatase, glucose
6-phosphatase and xanthine oxidase as affected by hypophysectomy, growth-hormone treatment and
adrenalectomy. Biochem J 1956;64:730-4.

[46] Edwards CK, Ghiasuddin SM, Yunger LM, Lorence RM, Arkins S, Dantzer R, et al. In vivo administration
of recombinant growth hormone or gamma interferon activates macrophages: enhanced resistance
to experimentalSalmonella typhimurium infection is correlated with generation of reactive oxygen
intermediates. Infect Immun 1992;60:2514-21.

[47] Fu YK, Arkins S, Wang BS, Kelley KW. A novel role of growth hormone and insulin-like growth factor-I.
Priming neutrophils for superoxide anion secretion. J Immunol 1991;146:1602-8.

[48] Smith JC, Lang D, McEneny J, Evans LM, Scanlon MF, Young |, etal. Effects of GH on lipid peroxidation and
neutrophil superoxide anion-generating capacity in hypopituitary adults with GH deficiency. Clin Endocrinol
(Oxf) 2002;56:449-55.

[49] Vignais PV. The superoxide-generating NADPH oxidase: structural aspects and activation mechanism. Cell
Mol Life Sci 2002;59:1428-59.

[50] Yeh GC, Henderson JP, Byun J, Andre d'Avignon D, Heinecke JW. 8-Nitroxanthine, a product of
myeloperoxidase, peroxynitrite, and activated human neutrophils, enhances generation of superoxide by
xanthine oxidase. Arch Biochem Biophys 2003;418:1-12.

[51] Arnold RE, Weigent DA. The inhibition of superoxide production in EL4 lymphoma cells overexpressing
growth hormone. Immunol Pharmacol Immunol Toxicol 2003;25:159-77.

[52] Christen S, Woodall AA, Shigenada MK, Southwell-Keely PT, Duncan MW, AmesyBTbcopherol traps
mutagenic electrophiles such as N@nhd complementa-tocopherol: physiological implications. Proc Natl
Acad Sci USA 1997;94:3217-22.

[53] Krinsky NI. Mechanism of action of biological antioxidants. Proc Soc Exp Biol Med 1992;200:248-54.

[54] Bulger EM, Helton WS, Clinton CM, Roque RP, Garcia |, Maier RV. Enteral vitamin E supplementation
inhibits the cytokine response to endotoxin. Arch Surg 1997;132:1337-41.



	Endotoxin challenge increases xanthine oxidase activity in cattle: effect of growth hormone and vitamin E treatment
	Introduction
	Materials and methods
	Animals and experimental design
	Xanthine oxidase determination
	Plasma nitrate + nitrite determination
	Uric acid determination
	Statistical analysis

	Results
	Discussion
	References


